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The velo-cardio-facial syndrome (VCFS)/DiGeorge syndrome (DGS) is a genetic disorder characterized by phenotypic
abnormalities of the derivatives of the pharyngeal arches, including cardiac outflow tract defects. Neural crest cells play a
major role in the development of the pharyngeal arches, and defects in these cells are likely responsible for the syndrome.
Most patients are hemizygous for a 1.5- to 3.0-Mb region of 22q11, that is suspected to be critical for normal pharyngeal arch
development. Mice hemizygous for a 1.5-Mb homologous region of chromosome 16 (Lgdel/) exhibit conotruncal cardiac
defects similar to those seen in affected VCFS/DGS patients. To investigate the role of Lgdel genes in neural crest
development, we fate mapped neural crest cells in Lgdel/ mice and we performed hemizygous neural crest-specific
inactivation of Lgdel. Hemizygosity of the Lgdel region does not eliminate cardiac neural crest migration to the forming
aortic arches. However, neural crest cells do not differentiate appropriately into smooth muscle in both fourth and sixth
aortic arches and the affected aortic arch segments develop abnormally. Tissue-specific hemizygous inactivation of Lgdel
genes in neural crest results in normal cardiovascular development. Based on our studies, we propose that Lgdel genes are
required for the expression of soluble signals that regulate neural crest cell differentiation. © 2002 Elsevier Science (USA)
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The velo-cardio-facial syndrome (VCFS)/DiGeorge syn-
drome (DGS) is a human genetic disorder characterized by
numerous phenotypic abnormalities, including cleft palate,
cardiovascular defects, thymic hypoplasia, hypoparathy-
roidism, and learning disabilities. Most patients are hemi-
zygous for a 1.5- to 3.0-Mb region of 22q11 (DGCR) (Gold-
muntz and Emanuel, 1997). Many of the affected tissues
have contributions of neural crest origin, and genes within
the DGCR are widely believed to be critical for normal
neural crest development (Kirby and Waldo, 1995). Mice
hemizygous for a 1.5-Mb homologous area on chromosome
16 (Lgdel/) that carry a targeted deletion from the Idd to
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All rights reserved.Hira loci (Lgdel) exhibit conotruncal defects and parathy-
roid deficiencies (Merscher et al., 2001). Twenty-four
known genes lie in the 1.5-Mb interval (Puech et al., 2000).
Overexpression of four genes contained within a 200-kb
BAC clone was able to rescue cardiovascular development
in most Lgdel/ mice (Merscher et al., 2001). One of the
four genes, Tbx1, is expressed in the pharyngeal arches and
heterozygosity of Tbx1 in mice results in cardiovascular
defects similar to those observed in VCFS/DGS (Jerome and
Papaioannou, 2001; Lindsay et al., 2001; Merscher et al.,
2001). Therefore, Tbx1 is considered to be primarily respon-
sible for the cardiovascular defects observed in Lgdel/
mice, and may also contribute to congenital heart disease in
VCFS/DGS patients.
Cardiovascular defects described in VCFS/DGS patients
and in Lgdel/ mice include those that result from abnor-To whom correspondence should be addressed. Fax: (215) 573-
mal remodeling of the symmetric pairs of aortic arch
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vessels into the mature vascular structure. This remodeling
takes place during midgestation and includes asymmetri-
cally programmed persistence and regression of specific
arch arteries. For instance, in vertebrates, the left fourth
pharyngeal arch artery gives rise to the segment of aortic
arch which extends distally from the rostral part of the
outflow tract to the site of entrance of the ductus arteriosus,
while the right fourth arch artery normally reduces in
relative size and forms the brachiocephalic trunk and the
proximal part of the right subclavian artery. The proximal
sixth arch arteries persist bilaterally and give rise to the
proximal right and left pulmonary arteries. The distal right
sixth artery regresses and eventually disappears, whereas
the distal left sixth arch becomes the ductus arteriosus.
There is mounting evidence that the genetic defects in
mouse models of DGS affect the development of the fourth
aortic arch bilaterally, resulting in aberrant right subclavian
artery or interruption of the aortic arch (Lindsay and Bal-
dini, 2001). The effects of Lgdel haploinsufficiency on the
development of sixth arch derivatives, including the central
portions of the branch pulmonary arteries and the ductus
arteriosus, have not been described in animal models,
though these segments are affected in human patients with
VCFS/DGS (Momma et al., 1996).
The molecular mechanisms affecting aortic arch remod-
eling are yet to be fully understood but evidence suggests
that this process is affected by accumulating neural crest-
derived cells that migrate through the pharyngeal arches.
The ultimate involvement of neural crest cells in this
process has been suggested by the aortic arch malforma-
tions resulting from the ablation of premigratory neural
crest cells in chick embryos. These studies led to the
identification of a subgroup of neural crest cells arising at
the level of the first three somites that is required for
cardiovascular development (cardiac neural crest) (Bock-
man et al., 1990; Kirby, 1990; Kirby et al., 1985; Kirby and
Waldo, 1990, 1995). However, it remains unclear to what
extent the human DGCR genes or the Lgdel genes on the
orthologous region of mouse chromosome 16 affect neural
crest development, and whether they modulate migration,
survival, proliferation, or interaction of neural crest with
the local environment. Moreover, the mechanism by which
neural crest influences pharyngeal and aortic arch develop-
ment remains poorly understood. In avian embryos, neural
crest-derived mesenchymal cells of the anterior pharyngeal
arches 1 and 2, in which the aortic arch arteries disappear,
differ in their phenotypic and developmental properties
from those populating the posterior pharyngeal arches 3, 4,
and 6, in which the aortic arch arteries persist as permanent
vessels. Hence, neural crest-derived ectomesenchyme may
influence aortic arch artery persistence (Ciment and
Weston, 1985). Also, studies in quail embryos have shown
that, although the third arch artery forms a lumen appro-
priately in neural crest-ablated embryos, subsequently, it
becomes misshapen and regresses, indicating that neural
crest is essential for the persistence of an arch artery but not
for its formation (Waldo et al., 1996).
In this report, we examine the effect of haploinsufficiency
of Lgdel genes on neural crest migration and gene expres-
sion. Using a binary Cre-lox system to fate-map cardiac
neural crest progenitors, we demonstrate that these cells
migrate through the pharyngeal arches and reach their
appropriate targets in affected Lgdel/ mice. Molecular
markers of migrating neural crest progenitors are expressed
normally, even in the complete absence of Tbx1, but
expression of the secreted growth factors Fgf8 and Fgf10 is
reduced in the pharyngeal regions of Tbx1/ mutants.
Furthermore, haploinsufficiency of the Lgdel region in
neural crest cells does not reproduce the Lgdel/ cardiovas-
cular phenotype. Examination of neural crest differentia-
tion using an SM22-lacZ knock-in allele revealed abnor-
malities of smooth muscle differentiation in the fourth and
sixth aortic arches in Lgdel/ embryos. These data suggest
that haploinsufficiency of the Lgdel region affects neural
crest differentiation into smooth muscle through non-cell-
autonomous signaling pathways.
MATERIALS AND METHODS
Animal Husbandry and Genotyping
Mice were kept on a 12-h light/dark cycle, and noon of the plug
date was considered as 0.5 d.p.c. (E0.5). P3proCre (Li et al., 2000),
FIG. 1. Neural crest migration is intact in Lgdel/ embryos. Fate
mapping of neural crest cells was performed by using P3proCre
mice crossed with R26R lacZ reporter mice in wild type (A, C) and
Lgdel/ (B, D) embryos. Sagittal sections of E9.5 embryos (A, B)
reveal neural crest cells (blue) surrounding the pharyngeal arch
arteries in both wild type and Lgdel/ embryos. Pharyngeal arches
are numbered. At E12.5, neural crest cells populate the endocardial
cushions of the outflow tract (arrows, C, D). Neural crest cells are
slightly more diffuse throughout the cushion mesenchyme in
Lgdel/ embryos (D) compared with wild type (C).
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FIG. 2. Downregulation of Fgf8 and Fgf10 expression in Tbx1/ embryos. Littermates at E11.5 (A–H) were examined for expression of Fgf8
(A, B) and Fgf10 (E, F). Sagittal sections through the pharyngeal region (A–H, dorsal is left, ventral is right) reveal loss of expression of Fgf8
(arrows A, B) in the endoderm of the third pharyngeal pouch (3p) of Tbx1/ (B) embryos. The third pharyngeal pouch is easily identifiable
in the adjacent sections stained with hematoxylin and eosin in both wild type and mutant embryos, respectively (C, D). Fgf10 expression
was also significantly reduced in Tbx1/ embryos (F) within discrete domains (arrows, E, F) that involves a very discrete area of the
pharyngeal mesenchymal tissue in close proximity with the developing fourth aortic arch. Arrows in (G, H) indicate in H&E adjacent
sections the areas of tissue where differences in Fgf10 expression was detected.
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SM22-lacZ (Zhang et al., 2001), R26R (Soriano, 1999), and
Lgdel/ (Merscher et al., 2001) mice have been described and were
maintained on a C57/B6 background. LgdelloxP/ mice contain the
1.5-Mb Lgdel region flanked by loxP sites that disrupt the Idd and
Hira loci; these mice were previously referred to as Cis-Idd/
Hira-KO (Merscher et al., 2001).
The following primers were used for genotyping: PGK1, 5-
GCTAAAGCGCATGCTCCAGAC-3; Neo5F, 5-ACCGCTAT-
CAGGACATAGCGT-3; Idd-KO1, 5-CTGTTGTTGACACAG-
CACATG-3; WT, 5-AACTCTACCTGTTCCTACTG-3; CreF,
5-GGACATGTTCAGGGATCGCCAGGCG-3; and CreR, 5-
GCATAACCAGTGAAACAGCATTGCTG-3.
The primers were combined as follows: PGK1/Neo5F recognizes
the deleted allele (Lgdel) of Lgdel/ mice and of LgdelloxP/ mice
after removal of the Lgdel genes. The Idd-KO1/WT combination
amplifies the Idd wild type allele (WT). CreF/CreR recognizes the
Cre transgene. PCR conditions were 94°C for 3 min, followed by
94°C for 30 s, 58°C for 45 s, 72°C for 45 s (35 cycles), and 72°C for
5 min (Merscher et al., 2001).
Histology
Embryos were fixed in 4% paraformaldehyde in PBS for 1–2 h,
dehydraded through an EtOH series, and maintained at –20o until
the time of analysis. Near term, embryos (E18.5) were analyzed by
dissection and by preparation of corrosion casts, as described (Li et
al., 1999). -Galactosidase activity was determined by staining
with X-Gal solution as previously described (Chang et al., 1995).
After dehydration and embedding in paraffin wax, 10-m sections
were stained with hematoxylin and eosin. Radioactive in situ
hybridization was performed as described (Epstein et al., 1996). To
assess smooth muscle differentiation, we performed immunohis-
tochemistry on mouse tissue sections by using an anti--smooth
muscle actin monoclonal antibody (SMA, Sigma, A2547) and
applying the indirect conjugated method as previously described
(Epstein et al., 2000). Digital images were collected by using a Zeiss
Axioplan 2 microscope and were processed with Adobe Photoshop.
RESULTS
Fate Mapping Neural Crest Derivatives in Lgdel/
Embryos
Since cardiovascular defects in Lgdel/ mice resemble
those resulting from ablation of premigratory neural crest
in chick embryos, we sought to determine whether neural
crest migration was altered in Lgdel/ embryos. In order to
do so, we utilized a binary Cre-lox system that we and
others have developed to fate map neural crest precursors to
the heart and pharyngeal arch region. P3proCre mice ex-
press Cre recombinase in Pax3-expressing premigratory
neural crest cells (Li et al., 2000). By crossing these trans-
genic mice with R26R Cre reporter mice (Soriano, 1999)
which activate expression of -galactosidase in Cre-
expressing cells, we have been able to follow descendents of
cardiac neural crest precursors as they encase the pharyn-
geal arch arteries, form the aortopulmonary septation com-
plex, and differentiate into smooth muscle in the aortic
arch, ductus arteriosus, and great vessels (Li et al., 2000). At
E9.5, labeled neural crest cells are seen in the pharyngeal
arches surrounding the forming aortic arch arteries in wild
type embryos (Fig. 1A). In Lgdel/ embryos, a similar
pattern of -galactosidase expression is observed (Fig. 1B),
indicating that neural crest migration is intact in Lgdel/
embryos. By E12.5, neural crest descendents form the
mesenchymal tissue that divides the truncus arteriosus
into the aorta and pulmonary artery (Fig. 1C, arrows). In
Lgdel/ embryos with significant vascular defects, neural
crest descendents effectively divide the outflow tract into
two vessels, although a more scattered and less dense
pattern of neural crest derivatives is observed in the endo-
cardial cushions compared with wild type (Fig. 1D, arrows).
Similar findings were reported by Vitelli et al. (2002) who
demonstrated that in Tbx1/ embryos, neural crest cells
maintain their ability to migrate but appear to lack direc-
tional cues. Together these results suggest that cardiac
neural crest migration and patterning are not grossly im-
paired in Lgdel/ embryos, though subtle abnormalities
exist.
Neural Crest-Related Gene Expression in Lgdel/
and Tbx1 Null Embryos
We next sought to determine whether neural crest-
related gene expression was altered in Lgdel/ embryos or
in embryos that were homozygous deficient for Tbx1.
Heterozygous deficient Tbx1 mice display a phenotype
similar to Lgdel/ mice (Merscher et al., 2001), while
homozygous deficient Tbx1 mice have more severe aortic
arch artery defects and might be expected to display more
dramatic gene-expression alterations (Jerome and Papaioan-
nou, 2001; Vitelli et al., 2002). We examined the pattern of
expression of molecular markers and potential downstream
targets in neural crest cells, mesenchyme, adjacent
endoderm, and aortic arch endothelium.
Fibroblast growth factors (Fgfs), such as Fgf8, that are
down-regulated in other models of abnormal arch formation
(Wendling et al., 2000), could mediate interactions between
endoderm or ectoderm and migrating neural crest cells. Fgf8
is expressed in the developing CNS, facial mesenchyme,
and pharyngeal endoderm (Crossley and Martin, 1995;
Trumpp et al., 1999). At E11.5, we noted a specific loss of
pharyngeal expression of Fgf8 in the endoderm of the third
pharyngeal pouch in sagittal sections of Tbx1/ embryos
(Figs. 2A and 2C) compared with wild type littermates
(compare arrows, Figs. 2B and 2D), while the expression in
the pharyngeal ectoderm was preserved. Fgf10, a related
member of the Fgf family, is likewise down-regulated in
a similar region (compare arrows, Figs. 2E and 2G, and
2F and 2H). In this case, the loss of signal involves not
only a very discrete area of the pharyngeal mesenchymal
tissue in close proximity with the developing fourth aortic
arch. In a different model of abnormal pharyngeal arch
development, inhibition of retinoid signaling is accompa-
nied by loss of the Fgf8 expression exactly in the same area
of the third pharyngeal pouch endoderm (Wendling et al.,
2000). Since Tbx1 is also expressed by pharyngeal endoderm
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(Jerome and Papaioannou, 2001; Lindsay et al., 2001), these
results suggest that Tbx1 may function upstream of Fgf
signaling in this tissue.
Expression of several neural crest-specific genes, includ-
ing Pax3 and EdnrA (Clouthier et al., 1998; Epstein et al.,
2000; Yanagisawa et al., 1998), is normal in Lgdel/ and
Tbx1/ embryos at E9.5–E11.5 (data not shown). PlexinA2
is also expressed by migrating neural crest cells (Brown et
al., 2001) including those entering the outflow tract of the
heart (Figs. 3A and 3B, arrows,) and its expression is also
unchanged. Foxc1 (Figs. 3C and 3D), Foxc2 (not shown), and
Sema3C (not shown) are coexpressed with Tbx1 in head and
pharyngeal mesenchyme (Feiner et al., 2001; Iida et al.,
1997; Winnier et al., 1999). Expression of these genes is
unchanged in Lgdel/ and Tbx1/ embryos. Endothelin 1
(ET-1) is expressed by aortic arch endothelial cells. Al-
though the aortic arch arteries are grossly abnormal in
Tbx1/ embryos, ET-1 expression is normal at E9.5 (not
shown) and E11.5 (Figs. 3E and 3F).
Sonic hedgehog (Shh) and Pitx2 are expressed by pharyn-
geal endoderm, and Shh may regulate Pitx2 and Tbx1
expression. Tbx1 expression was shown to be down-
regulated in the pharyngeal endoderm of E10.5 Shh mutant
mouse embryos, and Shh was sufficient to induce Tbx1
expression (Garg et al., 2001). On the other hand, the
abnormalities of the pharyngeal apparatus in Tbx1/ mu-
tants are more severe than in Shh/, suggesting that Tbx1
may be upstream of Shh in regulating pharyngeal develop-
ment (Chiang et al., 1996) and feedback regulation has
been implicated in other Shh-dependent systems. However,
we did not identify any alterations in Shh expression in
Tbx1/ embryos (Figs. 3G and 3H). Pitx2 expression is
also unchanged (not shown). These results suggest that
Tbx1 functions downstream or independently of Shh and
Pitx2.
Hemizygous Neural Crest-Specific Inactivation of
Lgdel Genes Results in Normal Cardiovascular
Development
We sought to determine whether Lgdel genes are required
in a cell-autonomous fashion within neural crest cells.
LgdelloxP/ mice carry a modified region of chromosome 16
with loxP sites flanking the Lgdel region between the Idd
and Hira loci (Merscher et al., 2001). LgdelloxP/ mice were
crossed with P3proCre mice in order to delete the entire
Idd-Hira interval, on one chromosome, in neural crest cells.
We demonstrated Cre-mediated excision of Lgdel by per-
forming PCR on microdissected tissue isolated from result-
ing embryos. Cre-mediated recombination was tissue-
specific, since it was evident in neural crest derived tissue
where Pax3 is expressed, while we did not detect recombi-
nation in tissue from the limb where Cre is not expressed
(Fig. 4). More detailed analysis of Cre activity is compli-
cated by the fact that neural crest cells do not form a
homogenous population and our dissections are contami-
nated by non-Pax3 expressing cells. Hence, it is not possible
to determine the efficiency of our Cre-mediated inactiva-
tion. In separate studies, we have demonstrated by coim-
munohistochemistry that 90% of cells expressing Pax3 in
the dorsal neural tube display functional expression of Cre
recombinase as assayed by activation of -galactosidase
protein expression in R26R embryos (data not shown).
We examined cardiovascular anatomy by corrosion cast-
ing (Merscher et al., 2001) and gross dissection at E18.5 in
49 embryos resulting from 7 litters born to LgdelloxP/ and
P3proCre matings. We expected 25% (12) to inherit both
LgdelloxP and Cre, and we identified 14 such embryos.
Although 50% of Lgdel/ mice display gross abnormalities
of vascular patterning, we found no abnormalities in the 14
LgdelloxP/P3proCre mice despite conserved C57/B6 genetic
backgrounds. The absence of cardiovascular anomalies in
mice, harboring Lgdel haploinsufficient cells suggests a
non-cell-autonomous role for Tbx1 and other genes in the
Lgdel region in neural crest cells during vascular remodel-
ing.
Deficient Smooth Muscle Differentiation of Neural
Crest Cells in Lgdel/ Mice
Although neural crest migration and gene expression
appeared normal in Lgdel/ mice, and the Lgdel genes did
not seem to be required within neural crest cells, we
wondered whether neural crest differentiation was affected
in Lgdel/ mice. Studies in chick (Kirby and Waldo, 1995)
and mice (Li et al., 2000) have demonstrated that cardiac
neural crest cells can differentiate into smooth muscle cells
populating the aortic arch arteries. SM22 is an early
marker of cardiac and smooth muscle differentiation. We
utilized a recombinant mouse in which lacZ had been
inserted into the SM22 locus as a sensitive assay for early
smooth muscle differentiation (Zhang et al., 2001). At
E10.5, we were able to detect evidence of smooth muscle
differentiation in the third aortic arches of both wild type
and Lgdel/ embryos (Fig. 5). However, in the fourth aortic
arch, smooth muscle differentiation was completely absent
in about half of Lgdel/ embryos in contrast to wild type
littermates, which all displayed significant evidence of
-galactosidase activity (Figs. 5A–5E). Table 1 summarizes
the number of right and left aortic arch segments that had
evidence of -galactosidase expression in fourth and sixth
arch arteries. Moreover, even in those cases recorded in
Table 1 where some smooth muscle differentiation was
present, it was reduced in most Lgdel/ embryos when
compared with wild type.
Smooth muscle differentiation was also notably deficient
in the sixth aortic arches of Lgdel/ embryos. Half of the
Lgdel/ embryos examined were devoid of smooth muscle
differentiation in the sixth aortic arch, while an additional
40% demonstrated only minimal evidence of smooth
muscle differentiation (Fig. 5, Table 1). In contrast, 92% of
the wild type littermates displayed significant smooth
muscle differentiation in the sixth arches (Figs. 5A and 5D,
Table 1). In Lgdel/ embryos with partial muscular differ-
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entiation of the sixth aortic arch, only the posterior aspect
of this vessel had evidence of smooth muscle differentiation
(Fig. 5C). This region of the arch artery develops into the
ductus arteriosus (Bergwerff et al., 1999). Smooth muscle
differentiation was similar in right and left sided aortic arch
segments (Table 1). Immunostaining with smooth muscle
-actin antibody was used as a second marker of smooth
muscle differentiation and confirmed the above findings
(Figs. 5F and 5G). This method demonstrated also that the
X-gal-stained neural crest cells of the aortic arches were
differentiated into muscle cells in the wild type embryos
that were used in the fate mapping experiment (Fig. 5H),
while the equivalent neural crest cells of the Lgdel/
embryos had deficient smooth muscle -actin expression
(Fig. 5I). The partial penetrance of the smooth muscle defect
that we observe in Lgdel/ embryos (Table 1) is consistent
with the 50% penetrance of fourth aortic arch defects
observed in newborn Lgdel/ and Df1/ mice (Lindsay and
Baldini, 2001; Merscher et al., 2001).
FIG. 3. Analysis of gene expression in wild type and Tbx1/ embryos by radioactive in situ hybridization. Littermates at E11.5 and E9.5
were examined for expression of Plexin A2 (A, B), Foxc1 (C, D), ET-1 (E, F), and Shh (G, H) without any detectable differences in their
expression pattern. Sagittal sections (A–D, G, H) and cross-sections (E, F) are shown. Arrows in (A, B) indicate the cardiac outflow tract.
Arrows in (C, D) indicate pharyngeal mesenchyme. Arrows in (E, F) indicate aortic arch artery endothelium. Arrows in (G, H) indicate
pharyngeal endoderm.
FIG. 4. Tissue-specific deletion of the DGCR in dorsal neural
tube and neural crest. PCR analysis for the WT allele indicates
presence of approximately equal amounts of DNA in microdis-
sected tissue samples taken from E18.5 forelimb (1A) and dorsal
neural tube (1B) of a LgdelloxP/P3proCre embryo. PCR primers
specific for the deleted Lgdel (“floxed-out”) locus fail to detect
recombined template in forelimb sample (2A), while recombined
DNA is easily detected in dorsal neural tube tissue (2B). (See
Materials and Methods for PCR primers and conditions.) MM,
molecular weight markers (Boehringer Mannheim).
TABLE 1
Vascular Smooth Muscle Differentiation of Aortic Arch Arteries







WT 13 13/13 12/12
Lgdel/ 10 4*/6* 5*/5*
* P  0.05 compared with wild type.
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DISCUSSION
The cardiovascular and pharyngeal pouch defects seen in
VCFS/DGS have been attributed to neural crest defects and
resemble abnormalities produced in chick embryos by neu-
ral crest ablation. Recently, animal models of VCFS/DGS
have been created (Df1/, Lgdel/) using gene targeting
approaches to recapitulate the chromosomal defects found
in human patients (Lindsay et al., 1999; Merscher et al.,
2001). In this report, we provide evidence that neural crest
migration remains intact in a mouse model of VCFS/DGS
(Lgdel/) and that Lgdel haploinsufficiency produced in a
tissue-restricted fashion within neural crest cells does not
produce cardiovascular defects. However, neural crest dif-
ferentiation into smooth muscle cells populating the aortic
arches is deficient in the DiGeorge mouse model (Lgdel/).
These data suggest that a gene(s) in the Lgdel region affects
neural crest differentiation in the aortic arches through a
non-cell-autonomous process. More specifically for Tbx1,
which is considered the main candidate among the Lgdel
genes to be responsible for the cardiovascular anomalies in
the DiGeorge syndrome, the lack of expression in the
FIG. 5. Deficient smooth muscle differentiation in the aortic arch arteries of Lgdel/ embryos. SM22-lacZ knockin mice were used to
detect smooth muscle differentiation in wild type (A, D) and Lgdel/ (B, C, E) embryos at E10.5. The aortic arch arteries are numbered. The
third aortic arch arteries are stained blue indicating smooth muscle differentiation in both wild type (A, D) and Lgdel/ embryo (B, C, E),
while smooth muscle differentiation was severely deficient in the fourth and sixth aortic arch arteries of Lgdel/ embryos (B, C, E). The
black arrow in (B) points to a hypoplastic fourth aortic arch artery that is devoid of smooth muscle. In (C), there is minimal evidence of
smooth muscle differentiation in the dorsal segment of the sixth aortic arch artery. Coronal sections (D, E) confirm -galactosidase activity
in the third, fourth, and sixth aortic arch arteries bilaterally in wild type embryos, while no evidence of smooth muscle differentiation is
present in the fourth arch artery of a Lgdel/ embryo (E). The sixth arch artery is not visible in this section. Double staining of embryos
using X-gal to identify Sm22 (blue) and anti--smooth muscle actin antibody to detect smooth muscle -actin (dark brown) (F, G) confirms
the deficient smooth muscle differentiation in the fourth aortic arch of Lgdel/ embryos (G) compared with wild type (F). A segment of the
aortic arch from wild type (H) and Lgdel/ (I) in P3ProCreR26R background is shown at higher magnification. In these embryos, neural crest
cells are labeled blue with X-gal. Neural crest cells that are differentiated into muscle cells are stained also dark brown with anti--smooth
muscle actin antibody. Note that the neural crest cells in the wild type embryo display uniformally expression of smooth muscle -actin
(brown arrows, H), while in the Lgdel/ embryo, there is a paucity of smooth muscle differentiation (dark brown and blue arrows, I).
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affected neural crest cells and the lack of effect of its
haploinsufficiency in the neural crest population on the
cardiovascular development establish its nonautonomous
role in this setting. Since Tbx1 is expressed by the core
mesenchyme and endoderm of the pharyngeal arches adja-
cent to migrating neural crest (Garg et al., 2001), we propose
a model in which Tbx1 regulates the expression of a
secreted growth factor that signals to postmigratory neural
crest cells to induce smooth muscle differentiation. Re-
duced gene dosage of Tbx1 results in decreased or absent
secretion of the putative differentiation signal, and hence
reduced and delayed smooth muscle differentiation.
Previous studies in chicken embryos have suggested that
the absence of mature neural crest derivatives populating
aortic arch arteries results in regression of these arterial
segments (Waldo et al., 1996), and we propose that a similar
mechanism results in regression of aortic arch arteries in
Lgdel/ mice. Fgfs, such as Fgf8 or Fgf10, that are down-
regulated in Tbx1 null embryos and other models of abnor-
mal arch formation, are possible secreted growth factors
that could mediate interactions between endoderm or ecto-
derm and migrating neural crest cells. However, further
experiments will be required to implicate Fgfs directly in
this pathway.
The aortic arch arteries develop in a craniocaudal se-
quence forming a set of bilaterally symmetric arterial
channels. The first two pair, the most rostral of the pharyn-
geal arch arteries, participate in the formation of cranial
vessels and largely disappear by the time the most caudal
vessels have fully differentiated. The third arch arteries give
rise to the proximal common carotid arteries and more
distal cranial branches. The fourth aortic arches undergo
extensive remodeling and form the distal segment of the
aortic arch on the left (the “preductal” portion of the
descending aorta) and the branchiocephalic artery and
proximal part of the right subclavian artery on the right.
The fifth arch arteries are transient structures in higher
vertebrates and do not contribute to the mature vascula-
ture. The sixth aortic arches undergo extensive remodeling
and form the left ductus arteriosus and the proximal parts of
the pulmonary arteries bilaterally (Edwards, 1948, 1977).
The cardiovascular phenotype in the human VCFS/DGS
and related mouse models (Lgdel/, Df1/ and Tbx1/)
includes abnormalities of structures derived from the
fourth and sixth aortic arches The extensive analysis of the
VCFS/DGS mouse models by our laboratory and others has
confirmed the presence of fourth aortic arch defects de-
tected as early as E10.5. We were unable to detect aortic
arch defects in Lgdel/ embryos prior to that time point, in
agreement with results of others studying a distinct but
similar mouse model (Df1/) (Lindsay and Baldini, 2001).
Importantly, we were able to detect the presence of an
arterial tube in the region of the fourth aortic arch at E10.5,
despite the fact that smooth muscle differentiation was
deficient or absent. Hence, we attribute subsequent vascu-
lar defects to inappropriate regression of aortic arch seg-
ments rather than to a lack of formation. We hypothesize
that regression is secondary to defective smooth muscle
differentiation, though we cannot rule out the possibility
that these two defects are mechanistically unrelated.
Our results concerning the development of the sixth
aortic arches in Lgdel/ mice are different than those
previously reported by Lindsay et al. These authors, study-
ing Df1/ embryos, reported normal expression of smooth
muscle actin and normal development of sixth aortic arch
segments (Lindsay and Baldini, 2001). Using Lgdel/ mice,
we noted a significant deficiency of Sm22-lacZ-expressing
cells in the sixth aortic arch regions. We believe that this
observation is significant for several reasons. Most impor-
tantly, abnormalities of the central portion of the branch
pulmonary arteries or absence of the ductus arteriosus
occur in human VCFS/DGS (Momma et al., 1996). Lgdel/
embryos do not have obvious sixth arch artery defects
possibly because the sixth arch arteries are less sensitive to
abnormal Tbx1 dosage and the defect is not severe as in the
fourth arch artery or the recovery from arterial growth that
was described by Lindsay and Baldini (2001) is more suc-
cessful in this case. Tbx1/ embryos, though, display such
abnormalities of the sixth arch derivatives such as small
branch pulmonary arteries (Jerome and Papaioannou, 2001),
and interestingly enough, transgenics overexpressing Tbx1
have related defects like absent main pulmonary artery
(Merscher et al., 2001). These observations suggest that
sixth aortic arch defects contribute to human and mouse
VCFS/DGS and may be related to abnormal levels of Tbx1
signaling. Finally, cardiac neural crest cells (NCCs) mix
extensively within the circumpharyngeal region before
completing migration into the pharyngeal arches. The sixth
arch receives NCCs originating from the somite 1 to somite
3 level, and therefore largely shares its cellular composition
with that of the fourth arch, in contrast to the first two
arches that contain cranial neural crest cells (Kuratani and
Kirby, 1991). It is therefore not surprising that anomalies
coexist in the formation of the fourth and sixth aortic
arches and their derivatives.
These data suggest the existence of an inductive interac-
tion between pharyngeal tissues and postmigratory cardiac
neural crest cells. There is precedent for such interactions
which may occur at many stages of cardiac neural crest
migration and differentiation. Neural crest cells possess
specific positional information acquired prior to pharyngeal
arch formation but its implementation to form the muscu-
loskeletal elements and vessels characteristic of each arch
is dependent on signals from both ectodermal and endoder-
mal tissues in the developing pharyngeal region. Premigra-
tory neural crest does not differentiate into cartilage, but if
cultured with cranial ectoderm or pharyngeal endoderm
does (Graveson and Armstrong, 1987), and outgrowth of the
pharyngeal arches requires epithelial/mesenchymal inter-
actions (Richman and Tickle, 1989). In Lgdel/ mice,
abnormal inductive signals do not appear to affect neural
crest migration, patterning, or early gene expression, at
least in terms of the molecular markers of migratory neural
crest that we were able to assess. The first defects in neural
164 Kochilas et al.
© 2002 Elsevier Science (USA). All rights reserved.
crest gene expression that we were able to detect related to
smooth muscle differentiation. However, other mouse
models support the importance of signaling pathways and
tissue–tissue interactions at alternate developmental
stages. Examples of such pathways include the semaphorin
and endothelin signaling cascades (Brown et al., 2001;
Clouthier et al., 1998; Feiner et al., 2001; Yanagisawa et al.,
1998). Our results demonstrating normal endothelin 1 and
Sema3C expression in Tbx1-deficient embryos suggest that
Tbx1 is functioning downstream of these factors or in an
alternate pathway.
In conclusion, our studies demonstrate that hemizygosity
of the Lgdel region, homologous to the human DGCR, does
not eliminate cardiac neural crest migration. However,
neural crest cells in Lgdel/ embryos are defective in their
ability to differentiate into smooth muscle. This defect
involves cells of both fourth and sixth aortic arches. These
abnormalities are associated with inappropriate regression
of aortic arch segments, thus accounting for the anomalies
observed in Lgdel/ mice and humans with VCFS/DGS.
Results of our neural crest-specific hemizygous deletion of
Lgdel lead us to postulate a model in which Tbx1 and other
Lgdel genes on mouse chromosome 16 display a haploin-
sufficient phenotype because of a function outside of neural
crest. Future studies will focus on the mechanisms by
which Tbx1-expressing cells signal to postmigratory cardiac
neural crest to trigger smooth muscle differentiation.
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